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Chapter 1 Introduction

The use of reclaimed asphalt pavement (RAP) in asphalt mixtures has gained considerable
attention in recent years due to its economic benefits and environmental advartegese of

RAP in new asphalt pavement reduces ¢tbet of materias and the impact associad with
extraction, transportation, and processing of conventional asphalt materials. In the United States,
there are different guidelines for the use of RAP in asphalt mixtinestate of Nebraska allows

the use of 4% -55% of RAP in asphaihixture Although there are benefits tthgher percentage

of RAP in asphalt mixtureshere areconceris predominantlyelated to higher stiffnessdpartial

coating of the binder with aggregateigher stiffness results in poor workability and eventually
leadsto improper compaction in the pavement layers, leading to premature failure of asphalt
pavemen{Mogawe et al, 2012)

To address this concerchemical additivesso-calledrejuvenatingagents (RAs)can be
introducedo RAP-blendedasphalt mixtures to improve their engineering propebyegcovering
the properties of the aged asphalt binder in R¥sieerials The basic function @n RA isto restore
thebalane in the chemicalcomposition ofanaged bindethatwasalteredduring the servicéfe
of the pavement(Tran, Taylor, and Willis2012 Haghshenas et al2022) A survey of the
literature shows that in comparison to unmodified HRAP mixtures, the addition of RAs to
RAP-blended mixtures improves the cracking resistance of these mixtures while increasing the
susceptibility to ruttingKarlsson and Isacsson, 20@Bzer et al., 2014; L. Al-Qadi, Qazi, and
Carpenter, 2012Xie et al., 2017West et al., 200Nabizadeh et 312017 Nsengiyumva etal.,

2020) There is no general agreement in the literature on the effect of RAs on the resistance of
high-RAP asphalt mixtures to moisture damalgeshould be noted thahé¢ term of rejuvenating

agent (RA) in this study refers to recycling agent which can be either a rejuvenator or a softening
agent. Since rejuvenating agent has been used in pervious phases of this study, and to avoid any
confusion for readers, this terme(, rejuvenating agent) is used here as well.

There are many studies that have evaluated the performance of labpratiuged asphalt
mixtures containing RAP with and without R@&aseer et al. 202@aumanis and Mallick015
Haghshenas et aR018) However, the field performance of the mixtukgas notexamined in
those studies. A few studidsve compared and correlated the laboratory and field performance
of RAP-blended mixtures with and withoutAR (Xie et al., 2017;R. West et al., 2009)or
instance, Tran et gTran, Taylor, and Willis2012)used &all oil RA to enhance the performance
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of a40%RAP mixture to the level of the control mixture. They reportedithabmparison to a
control mixture with 30% RARhe use oftheRA in the 40%RAP mixture resulted in statistically
similar resistance to intermediatend lowtemperature cracking. Furthermore, a field survey of
the test sections ten montafer construction showed reflective cracking on the surfziceénhe
pavement builtvith RAP-blended mixtures treated withe RA. In another study, Jahangiri et al.
focused a using RAP andRecyckd Asphalt Shingles (RAS) with additivesincluding RA
(EvoFlexX®), warm mix additive, antstripping agent, and baghouse fintiee studyinvestigated
eighteenpavements oflensegrade asphalt mixtures in Missoydahangiri et al.2019) The
significant finding from the study was the detection of brittle behavidheésphalt mixtureri
most of the sectionSix pavement sections performed well in the eslaped compaction test
the probable reasons were the selectiom sbfter binder grade and the use of low recycling
content.

Althougha fewstudies have attempted to fill the knedfe gap in understanding the field
performance of asphalt mixtures containing a high percentage of RAP materials and RAs, more
field and laboratory data are stiéededa better understanding of the complex behavior of these

mixtures isimportantto the development ofmore effective recycling practices.

1.1 Research Objectives and Scope

The primary goal of this research is to evaluaterdwycling practice that has recently been
implemented in Nebraska. iBrstudy has twspecific objectives:
- To evahveatieabi | ity, proper tpireosd ucaendd apnedr f or m
fiempl emented mi xt-RARsmatoeartiaalng RWi thth goand w
- Toompare the field perf eRrAnPa nacsep hcadl a w ianti hxet aunr de
witRAny monitoring their performance over |
To this end, two mixturesa highhRAP mixture with and withouRA, were studiedn three
different scenarios: 1aboratorycompacted, 2) fiekdompacted and cored after construction, and
3) field-compacted and cored onad twoyears after construction. Thesgpecimensvere tested
for susceptibility tacracking, rutting, and moisturéhesemicircular bendindSCB) fracturdest
and the HamburgWheel Tracking (HWT) test weraisedto evaluate the performance of the

mixtures and correlate their performance under different scenarios.



1.2 Organization of the Report

This report containsix chapters. Chapter 1 is an overall introduction to the propettidingthe
research objectigand scope. Chapter 2 assummary of phase | and phase Il of this research
study and literature review on the field performance of pavements due to the additRAf
Chapter 3 describes theaterials angpecimerfabrication procedures for two testhe SCBtest,
andtheHWT test.Chapter 4 provideandinterprets the results dfi¢ testsisedto understand the
cracking and rutting performanoé the specimenss well as their moisture damage resistance
Chapter Seportsfield performancebservationsfocusing on four different distressexluding
International Roughness Index (IRRut Depth (RD), fatigue, and thermal crackinGhapter6

summarizes the major findings of the projacti makesecommendtions for future research.
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Chapter 2 Background

The use of reclaimed asphalt pavement (RAP) materials has been increasing quite rapidly over the
past few decades, and many Departments of Transportation (DOTs) have been consistently
interested in increasing tlemount of RAP in their asphalt mixtures. Currently, Nebraska DOT
allows RAP materials in some plant mixtures for asphalt pavements up to about 50%. The major
motivation for the utilizing of higlRAP content mixes for the pavement is due to the advantage

of lowering the use of expensive virgin aggregates and binders, recycling of construction materials
and environmental preservation. The use of HR@P mixture is typically incorporated witRA

to improve mixture properties. This inherently induces varicusplexities such as: (1) the
interaction of the aged RAP materials with the virgin materials and their influence on the overall
performance of thasphalimixture, and (2) the interaction of tR& with the aged RAP and virgin
binder. Another importantttor that affects the performance of the HRYAP pavements in the

field is the methods and technologies adopted by the plants or manufacturers prodxicires.
Although many studies have investigated the influendeAs on thelaboratory performance of
high-RAP mixtures, the laboratoigvel investigation is nadufficient to address how production
parameters affethe blending ofRAs, RAP, andvirgin materials and eventuallytheir influence

on the field performance of th®A treated highRAP asphalimixtures.

2.1 Summary ofPhasd and Phase Il of this study

Whenusing highRAP in asphaltmixtures the key factors to be considered include butrare
limited to: (i) the use of righRAs based on their chemicploperties, (ii) the use of an optimal
dosage and blending method of the seled®d to satisfy desired mixture and pavement
performance. Performance indicatasch as rutting, crackingnd moisure susceptibility are
some of the important distressiasat need to be evaluated in the laboratory. $toryears,the
researchteamhas conductetDOT-sponsored research projects on FRfWP mixtures treated
with RAs. Theresearch was conducted in twbasesand in both, 65% RAP was applied to a
typical Nebraskaasphaltmixture. Three differenRAs. petroleumtech based, gregechbased,
and agriculturgech based materialwere used, this ensured variability in tfemical properties
of theRAs. The research project evaluated various mechaaichthemical properties agphalt
mixtures, fine aggregate matrix (FAM) mixtures, and bindsodified by theRAs. Test resultsi
different length scales (i.easphalt mixtureFAM, andbinder) demonstrated that tRAs made

11



high-RAP mixtures are more compliatductile), which decreased stiffness and improved the
fatigue resistance of higRAP materials. Also, the recommendedgiiees of differenRAswere
sought by furthemvestigatingthe properties and performance of mixtures/materials at different
treatments (i.eblending dosages and curing methodsRAE.

After determiningthe optimal dosages, a series of laboratoryngsin mixtures treated
with the RAs were undertaken to evaluate two primary mixtienel characteristicssuch as
cracking and rutting. The mixture testing results confirmed the observationgedmmdeievel
in that RAs softenedRAP-blended asphalimixtures and improvedtheir cracking resistance.
SeveralRA blending methods were also evaluated, and it was concluded thatlitheot
significantly affect the testing outcomes. This implied that after mixing RAPRWhcuring was
not necessary. Furttraore, it was also found that blendiRé\ into a virgin binder before mixing
with virgin aggregates and RAP minimadjfected the testing results as well, as showFigare
2-1. From theasphaltmixture testing, itvas concluded that homogenous mixindRéfinto RAP
was the most importariictor in achieving consistent performance fragphaltmixtures with
high-RAP content.As illustrated inFigure 2-2, research findings frorphases | and 1l imply
potential implementation of the higRAP projects ifNebraskawith proper use oRAs.

10000

7777 Flexibility Index

IR Flow Number - 8000

2 7
= L6000 &
£
x
§ z
i= 7 - 4000
- g :
= - -
3 I / 2000
u- g
— A g L0
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& S & NN o %
&0 ¥ N >
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Mixtures

Figure2-1. Mixture test results from PhasgHaghshenas et al. 2019)
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Research on High-RAP Mixtures with Rejuvenators

Phase Il This Research

J |

. Can rejuvenating be
?
Do rejuvenators work > optimized? >

h 4

1. Yes! 1. Optimal Dosage (%) 1. Constructability

2. Rejuvenators can HL  HG 8B |2 Consistency/Repeatability
improve properties of High 111 8.0 7.0 3. Mixture Properties
RAP mixtures. low 108 75 34

2. No significant effect of
rejuvenator blending

Figure2-2. Research needs from previous efforts (Phases | a(tddgjhshenast al.2016and
2019)

2.2 Summanyf National Center for Asphalt TechnologyhCAT) Projecs

One of the studies associated with the performancRA¥ on the pavement structumgas
performedby National Center for Asphalt Technology (NCA{WVest et al. 2021)The research
focused onusing a bieoil RA (Delta § to enhancahe perfornance of RAPblendedasphalt
mixtures. Delta S was utilizedn an asphalt mixturecontaining20% RAR 5% RAS anda
performancegyrade PG 6722) virgin binder and the resultant mixture wpkaced on the surface of
test section N.7Also, acontroltest tracksectionreferredto N1waslaid using amixture with20%
RAP and &PG 622 virgin binderfor the field performanceomparisorandthe cracking group
experiment.The test tracksectionshave beerrafficked since 2015The informationof the N1
and N7 test sections presented iTable2-1.
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Table2-1. The information of N1 and N7 test sections.

Description Properties

Compaction Effort 80 gyrations

Base and BindeAsphalt Layer High Polymer Modified Asphalt Mixture
Thickness of Asphalt Layer 15.2cm (6 in.)

Thickness oBase layeand Type 15.2cm (6 in.)crushedgranite
Subgrade Type A-4 (AASHTO Classification)

Surface layer PG Grading PG 6722

The fieldperformance of both sections, N1 and, Wére monitored at each research cycle
of 2015 and 2018. Different observations were made based on cracking, futtangational
Roughnessndex (IRI) andMeanTextureDepth (MTD). The changes observieetween thse
distresses i2018research cycle concerning ESALs presentedn Table2-2.

Table2-2. Field observatioin 2015 and®2018 research cyde

Distresses Year Section N1 Section N7
2016 0.20%@6.2 million 0.10%@6.2 million
ESALs ESALs
2017 21.30%@9.7 million 10.20%@9.7 million
ESALs ESALs
11.5% @ 16.6 million
2018 ESALS NR
22.9% @ 8.9 million
Cracking 2019 NR ESALs
(% of the lane area) 33.1% @ 13.3 million
ESALs(before
2020 37.4% @ 16.9 million rejuvenator spray)
ESALs 53.4% @ 14.2 million
ESALs (after rejuvenator
spray)
45.8% @ 16.9 million
2021 ESALS NR
Rutting 2017 Good Good
2021 Good Good
RI 2017 Good Good
2021 Good Good

NR: Not Reported

Table2-2 showsthat the cracking performance of the sec{idid) wasinitially good when

the RA was utilized However with the application of Delta S spray, more surface cracks were
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observed in the stion with RA at lesser ESALg¢Table 2-2). The spraying of RA provided a
softening effect to distressed asphalt, and the failure related to cracking was acceéberabed

other hand, both sections provided good ride quality and rutting perforndurass the research
cycles

In addition, the study also correlated the field performance results with tratiatytest
results including Texas Overlay Test (Tex#&3T), NCAT Overlay Test (NCATOT), and lllinois
Flexibility Index Test (IFIT). The TexagOT and }FIT tests showed thahe cracking resistance
of field andlaboratoryspecimenss statistically similar In contrastthe NCAT-OT testpresented
statistically different resultbetweenfield and laboratory specimens intwo sections.They
concluded thathe reaction time of aged binder aRA could significantly affect the field
performancef high-RAP mixtures. Also, it was recommendeitiat thelong-term performancef
RA modified mixtures needs to b@onitoredin the fieldcarefully.

Xie et al.(2017) also correlated the field anaboratoryperformance of asphalt mixtures
with RAP and RASmodified with various RAsThree different mixturesereexamined in this
study; including 1)control mixture with 20 % of RAP material®) mixturesconsistingof 25 %
RAP and 5% RASreated byfatty acidderivatives and 3) mixturegsonsistingof 25 % RAP and
5% RAS treated byio-oil produced througlfiast pyrolysisof pine treesThe control mixures
wereprepared at the typicalot mix asphaltproduction temperaturd49e CWhile the mixtures
with RAswere prepared di29¢ Qwhich is considered astypicalwarm mix asphalproduction
temperature.

The mixtures were tested toevaluatemoisture susceptility, rutting resistance, and
cracking resistance. Based on the tensile strength ratio (TSR), it was observed that the TSR of the
control mixtureswerehigher tharthe TSR of the mixtureshodified by RAs indicating thatthe
addition of RAs to the mixtusemay result in a decreasenmisturedamageesistanceHowever,
the control mixtureexhibited more rutting compared both mixturesmodified with RAs The
crackingresistance of the mixture@gascharacterized usintpe Louisiana SCB tesDverlay Test
(OT), and lllinois Flexibility Index Test {FIT). It wasreportedthat the control mixture had a
higher resistance to cradlegardless of testing methods.

In addition to thdaboratoryperformance testing, early field ff@rmances after two years
weremonitored The field performance observations indicated #iabf the pavement sections

had a good ride quality and rutting performandess than Federal Highway Administration

15



(FHWA) thresholds2.7 mm/m of IRl and 1é&m of rut depthirrespective of the mixture utilized.
There was no negative effect BAs reportedin the case of IRl and rutting. In terms of field
cracking performance, the control section showed higher resistance to cracking, and the section
built with mixtures modified byRAs were more prone torack. This study suggested that the

dosages oRAs need tdbe carefully selected based on the percentage of RAP utilized.
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Chapter 3 Site Location, Material s Selection and Specimeng~abrication

This chaptedescribes thenaterialsandthe specimerfabrication procedurassed in thistudy. In
addition, the location of the test sectipdsita from the cored anithe laboratorycompacted

specimensre presented.

3.1 Site Location andPavement Sections

Thecontroland tessectionsvere built in September 2019. The sectioese locatedt highway
NE-21 in Nebraska and monitoréal two yearsFigure3-1 shows the location of theavement

sectionsand theschematic diagram for the location of the test stretch.

@
Eddyville

Eddyville, NE

Go)

Sumner(z5)

(4— 10.2 cm (4 in.) SPR Mix Without RA
<+— 10.2 cm (4 in.) SPR Mix With RA

Miller @)
@

\ 1-21

@ Lexington, NE

=Lexington 183

=

<:| NE-21, Lexington

_______ - — = = —

1
|:> . Control without RA |: Control with RA
I Section Section

Figure3-1. Location of test sections

Figure3-2 illustrates the detail of pavement structural laysrthe sectiors. The control
and test sections were composed of a typasghalt mixturesurface,asphalt mixturebase,
subbase, and sulagte layer. The only difference between the corsiegtionand the test section
wastheincorporation ofan RA in theasphalt mixturdaseof thetest section
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} Control Mix

Control Mix % I
) :|- RA-Test Mix

Figure3-2. Pavement structuréyers of the control and test sections.

3.2 Materials
3.2.1 RA

A bio-based oil RAwasused in this study to investigate the influencehig chemicalmodifier
on thelaboratoryand field performancef high-RAP mixtures In order to find the optimum
dosage range of RA, Superpave Performancei®dBG) approach was utilizefligure3-3 (a)
demonstrates that the higdmperature PG controls the nmaxm allowable dosage &A, while
the lowtemperature PG limits the minimum required dosa&ggufe 3-3 (b)). The dosageange
of RA wasdetermined using the data presenteBigure3-3 by recoveringthe PG othe control
binder(50% virgin binder + 50% RAP bindey the desired PG.e.,64-28. Figure3-3 showsthat
the dosage range rdced to achieve P®4-28 is between0.2 % and4.7 % based orthe total
weight ofthebinderand1.6% was selected to be added to aksphaltmixtures.

90.0 -15.0
PG=-1.93 RA (%)+ 73.00 PG =-1.3875RA (%)-27.77
R2=0.99 R2=0.99

80.0

A, 250 1
700 1 “te.,
.
64 A.,,.
60.0

-35.0 1

High End PG (°C)
Low End PG (°C)

50.0

RS SSES

40.0 T T T T -45.0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10

RA Dosage (%) RA Dosage (%)

(a)
Figure3-3. PG test results of binders: (a) high end, (b) low end.
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3.2.2 Aggregates

This study usede traditional SPR miyres containings0% RAP. The blend of virgin aggregates
was composed of 38% limestone, 5% 3A gravel, and 5% 2A gFagate3-4 shows the gradation
of the blendbf RAP ard virgin materialswith the maximum and minimum limits for the state of

Nebraska.Table 3-1 summarizesthe percent of aggregatesnd aggregate gradation of the

mixtures.
100 &
80 A
&0
=
@ 60 -
o]
A
g 40
E = RAP+HVirgin Aggregates
Ay
20 A A  Minimum Control Points
O Maximum Control Points
0 T T T T T T T
00 05 1.0 15 20 25 30 35 4.0
Sieve Size Raised to 0.45 Power
Figure3-4. Gradation of RAP and virgin mixture
Table3-1. Gradation of RAP andirgin materials.
Sieve Analysis
. Weight
Material (ty% 19.0 125 950 475 236 1.18 600 300 75
0

3/4"  1/2" 3/8" #4 #8 #16 #30 #50 #200

3A Gravel 38 100 100.0 100.0 93.0 63.3 401 25.7 151 5.7

2A Gravel 5 100 935 87.8 641 298 131 6.3 1.8 0.3

) 5/8 5 100 81.6 44.2 6.6 4.9 4.4 4.0 3.6 3.0
Limestone
RAP 52 100 97.2 9036 728 443 285 201 14.4 7.4
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3.2.3 AsphaltBinders

A PG 58\34 was selectedsavirgin binder. The optimuncsontent ofthebinder was determined
based on the available amount of binder in the RABIle3-2 presents the target binderlization

in the mix design and production.

Table3-2. Asphalt bindeinformationin mix design and production

Description Mix Design Target (%) Production Target (%)
Virgin Binder 2.1 2.2
Binder in RAP 6.0 6.3
Binder Replacement 59.5 59.5
Binder from RAP 3.1 3.1

Note: % of RAP by total weight of aggregates is 52 and 50 in mix design and prodiactiehrespectively.

3.3 Field-Coredand Laboratonspecimens

The control and tessectionswere constructed using the SPR mixtsikgith and withoutbio-oll

RA, respectivelySeveral coredpecimensvere collected from the fielonh the day after each test
section was constructeds shown irFigure 3-5(a). The construction lanes remained closed until
the cores were acquiretihe coreswith a diameter of 150 mywere taken from the selected areas
and then cut at the lift and bottom linas shownn Figure3-5(b). A total of 60 cores were taken

for each of théwo sections10 cores were taken one day after construction, 10 cores one year

after construction, and 10 cores two years after construction

(b)

Figure3-5. Field corespecimens
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The plantproduced SPR mixtures wecellected fromsame project andsed to prepare
laboratoryspecimensThe loose mixtures were reheated in an overafound 2hours atl35¢ C
until the mixture were workable Also, to simulate the field conditiofor about ten yearshe
long-term aging protocol developedthe National Center for Asphalt Technology (NCAT) was
utilized in whichtheloosemixtures collected from the asphalt plant were reheatetikept in an
ovenfor 8 hours at 13%® (Chen et al.2018) The mixtures were compacted usiagyratory
compactorandthe target air void was 7%. Overall, ten typesmgcimensvere prepared for this
study.Table3-3. summarizes the characteristics of specimengrepared and tested in this study.

Table3-3. Characteristics of thepecimens

Specimens Rejuvenating

D Compaction Cored Agent (RA)
FCO Field After Paving (O Year) No
FCRO Field After Paving (O Year) Yes
FC1 Field After 1 Year No
FCR1 Field After 1 Year Yes
FC2 Field After 2 Yeas No
FCR2 Field After 2 Yeas Yes
LC Laboratory - No
LCR Laboratory - Yes
LCLT* Laboratory - No
LCLTR* Laboratory - Yes

* LCLT and LaGblolrRéotadgreyaple d of LC medpée€Rively.

3.4 Specimen Fabrication

3.4.1 SCB Test Specimen

Froma gyratorycompacted specimen of 170 mm height and 150 mm dianat@mm portion
was removed from both thep andhebottombecause afion-uniform air voids at those locations.
It should be noted that tharget air void was 7 percent £ 0.5 perc&hen, theesulantspecimens

were slicecand halvedo beusedas SCB test specimgwith a thickness of 5thm andadiameter
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of 150 mm. Fracture tests were performed on the test specimens after making a notch of 15 mm
depth and 2.5 mm widthrigure 3-6 showsthe specimen production process &@B test

configuration

Figure3-6. Specimerfabrication,slicing, and test setup

3.4.2 HWTTestSpecimen

The specimenwith 62 mm heightandtarget air void of 7 percent = 0.5 percevere obtained

from the Superpave gyratory compactor. The necessary cuttings were followed based on
(AASHTO, 2017) Similarly, field-coredspecimensvere cut into the desired height and geometry
before testingFigure 3-7 showsspecimens were placedside the testing tray befoend after

testing.

(b)

Figure3-7. HWT testspecimenga) beforeesting, and (b) after testing.
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Chapter 4 Laboratory Tests and Data Analysis

In this study, the SCB and the HW@st were used to investigate taboratoryperformance of
asphalt mixturs and their field performanedterpaving, one year and tw@ass usingcores taken
from pavement section§he SCB test was performed to assess thetenmgberature cracking
performance ofthe specimens The HWT test was conducted to characterize the permanent
deformation (rutting) and moisture susceptibility thfe specimens Figure 4-1 shows the
experimenal plandevelopedor this study

[ Plant Produced Mixtures J

Cracking Resistance: Semi-Circular Bending (SCB) Fracture Test

I |
| |
| |
| |
| |
: [ Without Recycling Agent ] [ With Recycling Agent (RA) J :
| | | |
| J l l l |
I‘ Field-Compacted ‘ Laboratory-Compacted Laboratory-Compacted ‘ Field-Compacted ‘ |
| Samples Samples Samples Samples :
| e T T T B E——
| ¢ Cored : ‘ Cored s
| | - After Construction | - After Construction | |
| - After 1 year ; | - After 1 year o
|'h- After 2 years \o.Aftter 2 years :
|
| |
| |
| |
|

[ Rutting and Moisture Damage Resistance: Hamburg Wheel Tracking (HWT) Test }

Figure4-1. Experimeniplan

4.1 SCBTestand Results

The SCB testhas been widelyusedto estimatethe cracking resistance of asphalt mixture
Researchers in the field of pavement engineering have been actively working to enhance the testing
protocols of the SCBest. The protocols developed byobdmmad et alMohammad, Wuand

Aglan, 2004) and AFQadi et al(Al-Qadi et al. 2015) are two renowned forms of the SCB testing
protocolsthat are highly accepted and beingedby various DOTs in the US. The major
differences between these two protocaie that the former considerfracture energy as the
governing criteriao characterie the fracture properties @n asphalt mixture, while the latter
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considers a pogieak slope along with fracture egg tocharacterize th&zacture properties of an
asphalt mixture.

In this study,AASHTO TP 12416 testing protocol wasollowed for the SCB testing
Before testing, specimerwere placed inside an environment chamber of a universal testing
machine to adkve an equilibrium temperature of 25° C. Thimgtest specimen asplaced in
the loading frame of a thrgmint bending configuration. A monotonic loading @& @mm/min
displacement was applied on the top of the specimen. A data acquisition devicaembiméue
computer system recorded the loading (reaction force) and the displackmagtesting. The
load and displacement relationships were used to measure the cracking performance of different
specimens

Parameters such as stress intensity faétiyrfacture energy (£, fracture toughness (§,
critical energy rate J, J integralFlexibility Index (FI), andCrackingResistancéndex (CRI) can
be measuredfrom a typical SCB test resulshown inFigure 4-2. Each of these developed
parameters is significant in characterizing the fracture behavior of asphalt miXtoeds. and

the CRIare usedn this studyto evaluate the fracture behaviortb&asphalt mixturs
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Figure4-2. Typical SCB test result
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Fracture energy is one of the important propertiesnadterialandmeasureghe resistance
of the material again$tacture It also reflects the energy required to form a new fracture surface.
Fracture energy can be derived from the {deblacement tationship obtained from SCB testing
resultsand ismeasuredy dividing the work of fracture by the ligament area. Mathematically,
fracture energy @3s calculatedising Equation 1

G=— Equationl
where Wis the fracture workKi.e., the area below the loatisplacement curjeand Aig is the
ligament area.

TheFl is an indicator fothecracking resistance of asphalt mixtueesl wasleveloped by
Al-Qadi et al. (201p They found thatfracture energy alone could not differentiate asphalt
materials and both strength and ductilityeeded tobe consideed for cracking resistance
characterizationin SCBtest, the peak load defines the strength ofriagerial and the maximum
displacement observed at the end of the test is ductility. If a material has a higher peak load, it may
not show a higher ductilitylhereforethe FI was proposednd shown to hava good correlation
with the speed ofrack growh. The FI can be calculated usiBguation2:

FI= 0 — Equation 2

where G, |m|, and Aarethe fracture energy (JAn the absolutevalueof the postpeak slopgand
theunit conversion factorgspectively.

Zhuet al. (2017 calculated fracture strengtisingpeak loadPmax), which was normalized
based orts:. Then the CRIis proposed as an alternative SCB crackiest parameter, defined as
the ratio of totalGr to Pmaxas follows:

CRI=— Equation 3

whereGs is the fracture energy (Jfn andPma is the peakoad (kN).

As discussed earlier, apart from the fracture energy, the Fl correlates well with the field
performance and the cracking of an asplakcimen Figure 4-3 shows that the laboratery
compactedpecimensvith RA (LCR) had a higher FI thatimat ofwithout RA (LC), showing an
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active role of thebio-oil RA in the performance enhancement of fRAP-blended asphalt
mixtures The long-term performance of mixtures was also evaluated through NCAT-temgy
laboratory aging protocdrigure4-3 shows that LCLT and LCLTRpecimen$adlowerFl values

than LC and LCR, respectively, as expected. Furthermore, a 67% and 80 % drop was observed in
the FI of LCLT and LCLTRwith respect to LC and LCR specimens, respectively, which indicates

that the mixtures with bioil were more susceptible track.

Figure4-3. Fl of specimen.

As can be seen iRigure4-3, the effect of the bio-based oil RAIn softeningof the RAP
materials was not noticeable ihe field-compactedspecimens KCO and FCR0) compared to
laboratorycompactedspecimens (LC and LCRYheFI values of the fiele&compactedpecimens
coredafter one and two years (FC1, FCR1, FC2, and FCR2) were lower thehah&CO0Oand
FCRO specimensvhich indicates that these specimevere more prone to cracks they were
exposed tenvironmental conditionasnd traffic loads for a longer timk is worth mentioning that
thefield-compacted mixturesith RA had the highestte of loss oFI compared téhat of without
RA after one yearwhich could be related tthe bicbasel RA introduced to the mixtures.
Haghshenas et akported thathe use obio-oil RAsmightaccelerate the aging process of asphalt

binders and mixtures since these RAs contain biglyencontent and some chemical functional
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